Protein modification by conjugation of small ubiquitin-related modifier (SUMO) is involved in diverse biological functions, such as transcription regulation, subcellular partitioning, stress response, DNA damage repair, and chromatin remodeling. Here, we show that the serine/arginine-rich protein SF2/ASF, a factor involved in splicing regulation and other RNA metabolism-related processes, is a regulator of the sumoylation pathway. The overexpression of this protein stimulates, but its knockdown inhibits SUMO conjugation. SF2/ASF interacts with Ubc9 and enhances sumoylation of specific substrates, sharing characteristics with already described SUMO E3 ligases. In addition, SF2/ASF interacts with the SUMO E3 ligase PIAS1 (protein inhibitor of activated STAT-1), regulating PIAS1-induced overall protein sumoylation. The RNA recognition motif 2 of SF2/ASF is necessary and sufficient for sumoylation enhancement. Moreover, SF2/ASF has a role in heat shock-induced sumoylation and promotes SUMO conjugation to RNA processing factors. These results add a component to the sumoylation pathway and a previously unexplored role for the multifunctional SR protein SF2/ASF. posttranslational modification | splicing factor | RNA processing | E3 ligase S er/Arg-rich (SR) proteins were first described as regulators of both constitutive and alternative splicing (1, 2). They are characterized by a modular structure consisting of a C terminal domain-rich in arginine and serine dipeptides (RS domain) and one or two N-terminal RNA-recognition motifs (RRMs) (1). Although RS domains were first identified as protein-protein interaction platforms, it has been shown that they contact the RNA directly at the splicing branch point and the 5′ splice site (3, 4). In addition, RRMs, originally reported to contact the RNA, were shown to mediate protein-protein interactions (5). The function of SR proteins exceeds splicing regulation (2, 6). They regulate transcription (7), mRNA export (8), mRNA stability (9, 10), translation (5, 11), and genome stability (12, 13) . Splicing factor 2/alternative splicing factor [SF2/ASF, recently renamed SRSF1 (14)] is a prototypical member of the SR protein family (15, 16) . Its second RRM (RRM2) is required for translation regulation via mammalian target of rapamycin binding (5) and for SF2/ASF recruitment to nuclear stress bodies (nSBs) upon heat shock (17, 18) .
Protein modification by conjugation of small ubiquitin-related modifier (SUMO) is involved in diverse biological functions, such as transcription regulation, subcellular partitioning, stress response, DNA damage repair, and chromatin remodeling. Here, we show that the serine/arginine-rich protein SF2/ASF, a factor involved in splicing regulation and other RNA metabolism-related processes, is a regulator of the sumoylation pathway. The overexpression of this protein stimulates, but its knockdown inhibits SUMO conjugation. SF2/ASF interacts with Ubc9 and enhances sumoylation of specific substrates, sharing characteristics with already described SUMO E3 ligases. In addition, SF2/ASF interacts with the SUMO E3 ligase PIAS1 (protein inhibitor of activated STAT-1), regulating PIAS1-induced overall protein sumoylation. The RNA recognition motif 2 of SF2/ASF is necessary and sufficient for sumoylation enhancement. Moreover, SF2/ASF has a role in heat shock-induced sumoylation and promotes SUMO conjugation to RNA processing factors. These results add a component to the sumoylation pathway and a previously unexplored role for the multifunctional SR protein SF2/ASF. posttranslational modification | splicing factor | RNA processing | E3 ligase S er/Arg-rich (SR) proteins were first described as regulators of both constitutive and alternative splicing (1, 2) . They are characterized by a modular structure consisting of a C terminal domain-rich in arginine and serine dipeptides (RS domain) and one or two N-terminal RNA-recognition motifs (RRMs) (1) . Although RS domains were first identified as protein-protein interaction platforms, it has been shown that they contact the RNA directly at the splicing branch point and the 5′ splice site (3, 4) . In addition, RRMs, originally reported to contact the RNA, were shown to mediate protein-protein interactions (5) . The function of SR proteins exceeds splicing regulation (2, 6) . They regulate transcription (7) , mRNA export (8) , mRNA stability (9, 10) , translation (5, 11) , and genome stability (12, 13) . Splicing factor 2/alternative splicing factor [SF2/ASF, recently renamed SRSF1 (14) ] is a prototypical member of the SR protein family (15, 16) . Its second RRM (RRM2) is required for translation regulation via mammalian target of rapamycin binding (5) and for SF2/ASF recruitment to nuclear stress bodies (nSBs) upon heat shock (17, 18) .
Small ubiquitin-related modifier (SUMO) is a transient and reversible posttranslational protein modifier (19) (20) (21) . SUMO proteins (SUMO1 to -4) are expressed in an immature proform that carries a C-terminal stretch of variable length. Removal of this C-terminal extension by SUMO-specific proteases (SENPs) leaves an invariant Gly-Gly motif that marks the C terminus of the mature protein (22) . The steps involved in the SUMO pathway resemble those of the ubiquitin pathway (23) . The first step is the ATP-dependent activation of a mature SUMO protein by the SUMO-specific E1 activating enzyme heterodimer (SAE I/SAE II in mammals). Next, SUMO is transferred from SAE II to the E2 conjugating enzyme Ubc9, forming a thioester linkage between the catalytic Cys residue of Ubc9 and the C-terminal carboxy group of SUMO (24) . Finally, Ubc9 transfers SUMO to the substrate: an isopeptide bond is formed between the C-terminal Gly residue of SUMO and a Lys side chain of the target (25) . Although most targets can be sumoylated in the presence of E1 and E2 in vitro, the process is usually facilitated by SUMO E3 ligases in vivo (26) (27) (28) . The E3 ligases best characterized to date include the protein inhibitor of activated STAT (PIAS) (29) , the polycomb protein Pc2 (27) , and the nuclear pore complex protein RanBP2 (28) . It is difficult to conceive, however, that the scarce number of components identified to date account for the regulation of this complex pathway (19) . Thus, it is expected that additional proteins (i.e., cofactors) function to regulate the sumoylation pathway, as it is the case for ubiquitin E3 ligase complexes (30, 31) . Reversibility of the sumoylation process is achieved by the action of SENPs that deconjugate SUMO from its target proteins.
We report here that the SR protein SF2/ASF is a regulator of protein sumoylation. SF2/ASF greatly stimulates sumoylation both in vivo and in vitro, and its depletion inhibits overall SUMO conjugation. SF2/ASF interacts with the SUMO E2 conjugating enzyme Ubc9 and with specific substrates, facilitating the transfer of SUMO from the thioester intermediate to the substrate. SF2/ ASF also interacts with the SUMO E3 ligase PIAS1 both physically and functionally. These effects are dependent on the RRM2 of SF2/ASF, which is also sufficient to stimulate sumoylation. SF2/ASF has a role in hyperthermic stress-induced SUMO conjugation and stimulates the sumoylation of RNA processing factors. Taken together, these results show that SF2/ASF acts as a cofactor stimulating SUMO conjugation: it displays some characteristics of an E3 ligase and also regulates the function of the well-characterized E3 ligase PIAS1.
Results and Discussion SF2/ASF Regulates Protein Sumoylation in Cultured Cells. Considering that (i) splicing regulators and ubiquitin/Ubl regulators are found together in protein complexes and share a localization pattern within the cell (32) (33) (34) (35) , and (ii) sumoylation regulates different processes that are interconnected with splicing, we decided to gain insight into the role of SR proteins in the SUMO pathway. We chose the best-characterized SR protein, SF2/ASF, whose involvement in signal-induced splicing and translation regulation was previously studied in our group (36, 37) . Coexpression of SF2/ASF with mature SUMO1 in HEK 293T cells strongly stimulated global protein sumoylation. Another splicing regulator, heterogeneous nuclear ribonucleoprotein (hnRNP) A1, has little or no effect on protein sumoylation (Fig. 1A) . The effect of SF2/ASF on sumoylation is dose-dependent and comparable to the one exerted by the SUMO E3 ligase PIAS1 (Fig. S1A) . In every case, SUMO1 conjugates are lost when SENP1 is coexpressed (Fig. 1A and Fig. S1A ). SF2/ASF also enhances SUMO3 conjugation and both effects are observed in different cell lines (Fig. S2) . We then addressed the role of endogenous SF2/ASF in this process. SUMO3 and SUMO1 conjugation was drastically impaired in SF2/ASF-depleted cells (Fig. 1B and Fig. S1B, respectively) .
We assessed the impact of SF2/ASF expression levels on endogenous SUMO2/3 conjugation. Diminishing SF2/ASF expression by siRNA reduces (Fig. 1C) , but its overexpression stimulates SUMO2/3 conjugation in a dose-dependent manner (Fig. 1D ).
These results demonstrate that SF2/ASF is a hitherto unexplored regulator of the sumoylation pathway. Its physiological expression is required for maintaining normal overall sumoylation levels, as shown by the RNAi strategy, and reminiscent of the effect of the yeast E3 ligases Siz1 and Siz2 gene disruption that abolishes modification of most targets (38) .
RRM2 Is Necessary and Sufficient for SF2/ASF-Stimulated Sumoylation.
We used deletion mutants (Fig. S3) to analyze the role of each SF2/ASF domain on SUMO conjugation. SF2/ASF mutants lacking the RRM1 (ΔRRM1) or the RS domain (ΔRS) show similar sumoylation-enhancing activity to wild-type SF2/ASF. In contrast, the mutant lacking the RRM2 (ΔRRM2) is unable to stimulate sumoylation ( Fig. 1 E and F and Fig. S2 ). Remarkably, expression of the RRM2 by itself is sufficient to stimulate sumoylation (Fig. 1F) .
We took advantage of the fact that the ΔRRM1 and RRM2 constructs are siRNA-resistant ( Fig. S4 A and B) and the effect of SF2/ASF knockdown on SUMO conjugation was rescued by expression of either one of these constructs, ruling out any nonspecific effect of this siRNA (Fig. S4C) .
The effect of other members of the SR protein family was analyzed (Fig. S5) . SRp20 [recently renamed SRSF3 (14) ], which does not contain an RRM2, failed to stimulate sumoylation. We then tested two SR proteins that harbor RRM2s differing in their degree of identity with SF2/ASF RRM2, SRp30c [recently renamed SRSF9 (14) ], and SRp40 [recently renamed SRSF5 (14) ] (72 and 37% identity, respectively) (Fig. S5B ). SRp30c but not SRp40 is able to stimulate protein sumoylation (Fig. S5C) .
These results point to the RRM2 as the major determinant of SF2/ASF sumoylation-stimulatory function, and also indicate that the mere presence of any RRM2 is not sufficient to confer sumoylation-enhancing activity. A structural and mutational analysis of different RRM2 domains should provide insightful information in this respect.
To compare SF2/ASF ability to regulate sumoylation with its activity as an alternative splicing regulator, we analyzed three well-characterized SF2/ASF-responsive splicing eventes (fibronectin EDI exon, CFTR exon 9, and adenovirus E1a) (Fig. S6 A-C) upon overexpression of SF2/ASF or its deletion mutants. The RRM2 domain alone, although sufficient to enhance sumoylation, either fails to alter splicing patterns of FN EDI exon and CFTR exon 9, or alters the splicing pattern in a different fashion than SF2/ASF, as shown for adenovirus E1a transcripts (Fig. S6  D-I ). This lack of correlation between SF2/ASF effects on sumoylation and splicing suggest that the role for SF2/ASF in the sumoylation process cannot be explain exclusively by its splicing activity, and point to a splicing-independent function for SF2/ ASF in the sumoylation process.
SF2/ASF Interacts with Ubc9 and Stimulates Sumoylation of Specific
Substrates. To test whether SF2/ASF directly interacts with the sumoylation machinery, we performed GST pull-down assays by incubating GST-Ubc9 with cell extracts expressing full-length SF2/ASF or its deletion mutants. T7-SF2/ASF is pulled down by GST-Ubc9 but not by GST alone. The ΔRRM2 mutant is unable to bind Ubc9, but the ΔRS mutant that is as efficient as wild-type SF2/ASF in stimulating sumoylation does interact with Ubc9 ( Fig. 2A) . SF2/ASF-Ubc9 interaction is independent from RNA or DNA, as it is not disturbed by the addition of RNase/DNase to the reaction mixture (Fig. S7A ), and appears to be direct because T7-SF2/ASF purified from HEK 293T cells (Fig. S7B ) could be pulled down by GST-Ubc9 (Fig. S7C) . GST-Ubc9 also pulled down endogenous SF2/ASF (Fig. S7D) .
To address whether the sumoylation-stimulatory function of SF2/ASF can take place independently of its other known regulatory activities, we tested the effect of SF2/ASF in cell-free in vitro sumoylation reactions with well-known sumoylation substrates. Sumoylation of Topoisomerase I (hereafter Topo I) is weakly seen upon incubation with E1, E2, and SUMO1 (Fig. 2B) . Addition of purified T7-SF2/ASF increased sumoylation of Topo I. However, although the active fragment of RanBP2, RanBP2ΔFG, displays marginal stimulation of Topo I sumoylation compared with SF2/ASF, the SUMO E3 ligase Topors exerts a stronger effect, enhancing the formation of high molecular-weight SUMO1-Topo I conjugates, as previously reported (39) . SF2/ASF is unable to conjugate SUMO in the absence of Ubc9, ruling out a role as an E2-conjugating enzyme (Fig. 2B) . GST-SF2/ASF purified from bacteria also enhances in vitro sumoylation of Topo I (Fig. S8A ). In agreement with these results, knockdown of endogenous SF2/ASF by siRNA inhibits Topo I sumoylation in living cells (Fig. 2C ).
In vitro sumoylation reactions were also performed with p53 as a substrate (40, 41) . Limiting amounts of Ubc9 were used and SUMO3 conjugation to p53 was hardly detectable at early timepoints. Addition of purified GST-SF2/ASF increased the amount of SUMO-conjugated p53 in a time-dependent manner (Fig.  2D) . Similar results were obtained with SUMO1 (Fig. S8B) .
Consistently, depletion of SF2/ASF by siRNA diminishes SUMO conjugation to p53 in living cells (Fig. 2E) .
SF2/ASF interacts with Topo I, as previously described (42, 43) , and with p53 ( Fig. S8 C and D) . The nature and biological relevance of this latter interaction await further investigation. Furthermore, SF2/ASF has no effect on sumoylation of Sp100, a substrate of the E3 ligase RanBP2 (Fig. S8E) (28) .
Thus, SF2/ASF directly affects the sumoylation machinery by interacting with the E2 conjugating enzyme and promoting the sumoylation of specific substrates, Topo I and p53, both in vitro and in vivo.
Our initial finding that depletion of SF2/ASF drastically impairs sumoylation in living cells could be due in part to the reported effects of SF2/ASF depletion on cell cycle and apoptosis (13) . However, a direct action of SF2/ASF on the SUMO pathway is evident from the results obtained with in vitro sumoylation assays.
SF2/ASF Stimulates SUMO Transfer from Ubc9 to the Substrate. Based on the results described above, SF2/ASF could be acting at two nonmutually exclusive levels: promotion of Ubc9-SUMO thioester linkage formation or stimulation of SUMO transfer from Ubc9 to the substrate. Although Ubc9 loading increased with time, SF2/ASF failed to enhance the rate of SUMO-Ubc9 thioester bond formation (Fig. 3A) . SUMO transfer from Ubc9 to p53 was then measured in single turnover reactions, as previously described (44) . SF2/ASF clearly stimulates this step in the SUMO conjugation pathway (Fig. 3B ), indicating that SF2/ASF action takes place downstream of Ubc9.
E3 ligases are known to facilitate the transfer of ubiquitin or Ubl proteins from an E2 enzyme to a substrate protein and to display substrate specificity. Except for ubiquitin HECT E3 ligases, all other known E3 ligases form complexes with the SUMO-charged E2 and the target (19) . Thus, SF2/ASF shares some characteristics with E3 ligases. Further biochemical and or ΔRS and lysates were prepared as described in Materials and Methods. Cleared lysates were incubated with 2 μg GST or GSTUbc9 and pulled down with glutathione Sepharose beads. After SDS/PAGE, SF2/ASF binding was analyzed by Western blotting with an anti-T7 antibody. (B) In vitro sumoylation reactions were performed using GST-Topoisomerase I (residues 1-200, "Topo I") as a substrate. Topo I (1 μg, ∼1 μM) was incubated with 150 ng E1 (∼65 nM), 30 ng Ubc9 (∼85 nM), and 1 μg SUMO1 (∼4.5 μM), either with or without purified T7-SF2/ASF (200 ng, ∼360 nM), GSTRanBP2ΔFG (10 ng, ∼8 nM), or GST-Topors (268/644) (400 ng, ∼300 nM) for 30 min. Reactions were stopped by addition of 1 vol of Laemmli sample buffer. One-fourth of the reaction was run in SDS/PAGE and analyzed by Western blot as indicated at the bottom of each panel. (C) HEK 293T cells were transfected either with control (Ctl) or SF2/ASF-specific siRNA (15 nM) and, 24 h later, transfected with full-length Myc-tagged Topo I (500 ng) and GFP-SUMO1 (500 ng). Cells were lysed 48 h later in Laemmli sample buffer and subject to Western blot, as indicated at the bottom of each panel. (D) SF2/ ASF stimulates p53 sumoylation in vitro. GST-p53 (250 ng, ∼167 nM) was incubated with E1 (150 ng, ∼65 nM), E2 (30 ng, ∼85 nM), and SUMO3 (1 μg, ∼4.5 μM), either with or without GST-SF2/ASF (200 ng, ∼190 nM), in sumoylation assay buffer (66) . Aliquots were taken from the reaction at the indicated time points and analyzed by SDS/PAGE, followed by Western blotting with an antip53 antibody. (E) Depletion of SF2/ASF affects p53 sumoylation in vivo. HEK 293T cells were transfected either with control (Ctl) or SF2/ASF-specific siRNA (15 nM). Cells were lysed 72 h later in Laemmli sample buffer and subject to Western blot, as indicated at the bottom of each panel. After diluting the reaction in EDTA-containing buffer, the SUMO1-loaded E2 was incubated with GST-p53 (200 ng), either with or without GST-SF2/ASF (200 ng) for the indicated time points. In lanes 7 and 8, EDTA was omitted, enabling further rounds of Ubc9 loading and transfer ("multiple turnover").
Reactions were stopped by addition of an equal volume of 2× Laemmli sample buffer and analyzed by SDS/PAGE, followed by Western blotting with an anti-p53 antibody.
structural characterization is needed to determine the precise mechanism of action of SF2/ASF at the SUMO transfer step.
SF2/ASF Interacts with PIAS1 and Regulates its E3 Activity. Given that PIAS1 copurifies with the spliceosome (34) and resembles scaffold-attachment factors known to interact with SR proteins (33), we tested if SF2/ASF could interact with PIAS1. GST pulldown assays demonstrate this interaction, which is dependent on SF2/ASF RRM2 (Fig. S9A ) and seems to be direct, as purified T7-SF2/ASF could be pulled down by GST-PIAS1 (Fig. S9B ). SF2/ ASF-PIAS1 interaction takes place in a DNA/RNA-independent manner (Fig. S9C) . Coimmunoprecipitation assays show that PIAS1 interacts with wild-type SF2/ASF but not with the mutant lacking the RRM2 in whole-cell lysates (Fig. S9D) . As expected, PIAS1 enhances SUMO conjugation. Coexpression of PIAS1 and SF2/ASF leads to a synergistic effect on overall protein sumoylation (Fig. 4A) . The mutant SF2/ASF lacking the RRM2 was unable to enhance PIAS-mediated sumoylation (Fig. 4A) . When a suboptimal amount of PIAS1 was transfected, it still enhanced the ability of wild-type SF2/ASF, ΔRRM1, or ΔRS mutants to stimulate sumoylation (Fig. 4B) . Furthermore, PIAS-enhanced SUMO conjugation is impaired when SF2/ASF is depleted by siRNA (Fig. 4C) , indicating that the SUMO E3 ligase activity of PIAS1 depends on the presence of SF2/ASF. These experiments show an RRM2-dependent functional synergism between PIAS1 and SF2/ASF that stimulate protein sumoylation in living cells. It is worth noting that the functional interaction between PIAS1 and SF2/ASF appears to involve yet unidentified cellular proteins because it could not be recapitulated with in vitro sumoylation assays (Fig. S9E) . The results presented here are not enough to rule out an effect of SF2/ ASF on PIAS1 translation, as suggested by Fig. 4B (lanes 6-10) . However, under this hypothesis, depletion of SF2/ASF by siRNA should reduce PIAS protein levels, which does not seem to be the case. Keeping in mind the already described activity of SF2/ASF in the translation process (5, 11, 36, 37) , this potential additional level of control remains to be explored. Considering that SF2/ASF has no SUMO E2 activity, its role as a coregulator of a SUMO E3 li-
SF2/ASF Has a Role in Heat Shock-Stimulated Sumoylation. We decided to study SF2/ASF role in the heat-shock response because this treatment enhances SUMO conjugation (45) (Fig. 5A) . Furthermore, SUMO2 and SUMO3 are required for cells to survive to hyperthermic stress (46) . Depletion of SF2/ASF by siRNA greatly inhibits heat shock-induced sumoylation, pointing to SF2/ASF as a key factor in this regulatory phenomenon. Moreover, overexpression of SF2/ASF ΔRRM2 exerts similar effects to SF2/ASF depletion (Fig. 5A) , suggesting this mutant could be acting in a dominant-negative manner.
Considering that (i) SF2/ASF shifts its subnuclear localization in response to heat shock from splicing speckles to nSBs in an RRM2-dependent manner (17, 18) , and (ii) nSBs are known to recruit heat-shock transcription factors, as well as a subset of pre-mRNA processing factors (47) leading to changes in splicing patterns (48), we asked whether nSBs are sites of SUMO-conjugated proteins. Upon heat shock, Sam68, an RNA processing factor and a hallmark of nSBs (47) (48) (49) , colocalized with wild-type GFP-SUMO1 but not with a mutant that is unable to conjugate to target proteins [GFP-SUMO1(GA)] (50) (Fig. 5 B and C) . These results indicate that nSBs colocalized with SUMO-conjugated proteins but not with the free SUMO pool. Thus, upon heat shock, sumoylated proteins localize in nSBs, where SF2/ASF as well as other premRNA processing factors reside. It is tempting to speculate that SF2/ASF could be part of a regulatory network accounting not only for splicing regulation but also for the regulation of sumoylationdependent protein activity required for cell recovery upon hyperthermic stress. Cell extracts from HEK 293T transfected with His-SUMO1 were subject to Ni-NTA purification to enrich His-tagged sumoylated proteins. Pulled-down proteins were analyzed by Western blot with specific antibodies against RNA metabolismrelated factors known to be sumoylation substrates (57) (58) (59) . SF2/ ASF overexpression stimulates, but its knockdown diminishes SUMO conjugation to the nucleolar protein Nop58 (Fig. S8 F and G) and to Sam68 (Fig. 5D ).
An effect of sumoylation on the activity of different RNAbinding proteins has been reported (57, 60, 61), and sumoylation has been shown to regulate mRNA 3′-end processing (61, 62) . SUMO modification of nucleolar proteins controls their subnuclear distribution and members of the SENP family are concentrated within the nucleolus. SUMO conjugation to Topo I regulates its nucleolar delocalization upon cell treatment with anticancer drugs (63) . SENP3-dependent sumoylation status of nucleophosmin (NPM1) is involved in the regulation of rRNA processing and ribosome synthesis (64) . Our finding that SF2/ ASF expression levels control the sumoylation status of RNA metabolism-related proteins lead us to propose SF2/ASF as a putative molecular and functional link between the RNA processing and sumoylation machineries, which of course awaits further investigation.
In conclusion, we have described a previously unknown role for the SR protein SF2/ASF in the sumoylation pathway. SF2/ASF exerts its effect at least at two different levels: it interacts with Ubc9 promoting the sumoylation of specific substrates and it regulates the SUMO E3 ligase activity of PIAS1. We have identified specific targets of this activity and deciphered SF2/ASF mechanism of action. Finding additional targets for SF2/ASF sumoylation-regulatory task and deepening into its physiological relevance is our immediate future challenge.
Materials and Methods
Cell Lines. HEK 293T cells were grown in DMEM supplemented with 10% FBS, 4.5 g/L glucose, and 110 mg/L sodium pyruvate. Immunofluorescence of Heat-Shocked Cells. HEK 293T cells were transfected with GFP-SUMO1 or the GFP-SUMO1(GA) mutant 24 h after plating. The next day, cells were transferred to a 42°C water bath for 1 h and then allowed to recover for 1 h at 37°C. Cells were fixed in 4% paraformaldehyde and permeabilized in 0.5% Triton X-100 in PBS. More details of the protocol are available in SI Materials and Methods. Sam68 was used as an nSBs marker, as described (47) (48) (49) .
Recombinant Proteins. GST, GST-Ubc9, and GST-SUMO3 were expressed in Escherichia coli M15(pREP4) cells and GST-SF2/ASF, GST-Topors (268/644), GST-PIAS1 in E. coli BL21(DE3) Rosetta strain by induction with 1 mM IPTG and purified with glutathione Sepharose beads (GE Healthcare). T7-SF2/ASF and T7-SF2/ASF ΔRRM2 were purified from transfected HEK 293T lysates exactly as described (65) . Proteins were analyzed by SDS/PAGE and Coomassie staining for quantification and purity. Recombinant GST-Topo I, SUMO1, and SUMO3 were purchased from LAE Biotech. SUMO E1, SUMO E2, GST-p53, GST-RanBP2ΔFG, and GST-Sp100 were from BIOMOL/Enzo Life Sciences.
Immunoprecipitation. HEK 293T cells were lysed in 1 mL of lysis buffer [20 mM Tris-HCl pH 7.5, 150 mM KCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1 mM β-glycerophosphate, 10% glycerol, 1× Complete Protease Inhibitor (Roche)] and incubated for 30 min at 4°C. After centrifugation for 20 min at 4°C, supernatants were used immediately for coimmunoprecipitation or kept at −80°C. Details of this protocol are available in SI Materials and Methods.
GST Pull-Down Assays. Lysates from HEK 293T cells expressing the indicated proteins or purified recombinant proteins were used for pull-down experiments, as described (30) .
Ni
2+ Pull Down. HEK 293T cells were transfected in 6-cm dishes with the indicated siRNAs (10 nM) and 24 h later with the indicated plasmids. After 48 h, His-SUMO1 conjugated proteins were purified under denaturing conditions using Ni-NTA agarose beads according to the manufacturer's instructions (QIAGEN).
In Vitro Sumoylation Reactions. In vitro sumoylation reactions were performed as described (66) . Recombinant proteins were added at the concentrations indicated in each figure legend. Thioester Formation Assay. Assays were carried out essentially as described (30) , with 100 ng E1, 100 ng E2, 200 ng SUMO1, and 200 ng recombinant SF2/ ASF when indicated. Western Blot and Antibodies. Protein samples were resolved by SDS/PAGE and transferred to Hybond-P membranes (GE Healthcare). Membranes were blocked and incubated with the primary antibody. After washing, membranes were incubated with HRP-conjugated secondary antibodies (Biorad). Membranes were developed using ECL plus reagent (GE Healthcare). The list of antibodies used is available in SI Materials and Methods. The experiments were performed at least three times, and representative images are shown in each case.
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SI Materials and Methods
Plasmids. The expression vectors used were: pcDNA3.1-HA-SUMO1 and pcDNA3.1-HA-SUMO3 (1, 2), pcDNA3.1-FLAG-HA-SENP1 (3, 4) , pcDNA3-HA-PIAS1 and pCDNA3-FLAG-PIAS1 (5), GFP-SUMO and GFP-SUMO(GA) (6), Myc-Topo I and GST-Topors (7), HA-Sam68 (8).
Immunofluorescence. Fixed and permeabilized cells were blocked with 3% BSA in PBS. Afterward, cells were incubated with the primary antibody for 1 h in blocking buffer. After washing with PBS, cells were incubated with Alexa 637-conjugated secondary antibody for another hour. Cells were extensively washed with PBS and mounted. 1-3) . (D-I) Cells were transfected with 500 ng of each splicing reporter minigene shown in A to C, and 50 ng of the indicated SF2/ASF construct. Forty-eight hours later, RNA was extracted and subject to RT-PCR as described (4) . Radioactive samples were run on native 6% polyacrilamide gels, which were subsequently dried and exposed to X-ray films (Agfa). (1 μg), either with or without GST-SF2/ASF (150 ng or 300 ng) for 60 min in sumoylation assay buffer. Reactions were stopped by addition of an equal volume of 2× Laemmli sample buffer, and analyzed by SDS/PAGE followed by Western blotting with an anti-Topo I antibody. (B) SF2/ASF stimulates SUMO 1 conjugation to p53 in vitro. GST-p53 (250 ng) was incubated with E1 (150 ng), E2 (30 ng), and SUMO1 (1 μg), either with or without GST-SF2/ASF (100 ng or 200 ng) for 60 min in sumoylation assay buffer. Reactions were stopped by addition of an equal volume of 2× Laemmli sample buffer, and analyzed by SDS/PAGE, followed by Western blotting with an anti-p53 antibody. (C) SF2/ASF interacts with Topo I in whole-cell lysates as assessed by coimmunoprecipitation. HEK 293T cells were transfected with Myc-Topo I and T7-SF2/ASF when indicated (500 ng each). Cells were lysed as described in Material and Methods and lysates were immunoprecipitated with anti-T7 agarose beads. After washing, precipitated proteins were resuspended in 2× Laemmli sample buffer and subject to Western blot, as indicated at the bottom of each panel. (D) SF2/ASF interacts with p53 in whole-cell lysates as assessed by coimmunoprecipitation. HEK 293T cells were transfected with HA-p53 and T7-SF2/ ASF as indicated, and coimmunoprecipitation assay was performed as in C. (E) SF2/ASF does not stimulate Sp100 sumoylation. A GST-Sp100 fragment encompassing amino acids 241 to 360 (Lys-297 is the physiological SUMO1 attachment site, 200 ng) was incubated with E1 (150 ng), E2 (30 ng), and SUMO1 (1 μg), either with or without GST-SF2/ASF (200 ng, 500 ng, 1 μg) or GST-RanBP2ΔFG (10 ng) for 30 min in sumoylation assay buffer. Reactions were stopped by addition of an equal volume of 2× Laemmli sample buffer, and analyzed by SDS/PAGE, followed by Western blotting with an anti-SUMO1 antibody. (F, G) SF2/ASF regulates SUMO 1 conjugation to Nop58 in living cells. HEK 293T cells were transfected with the indicated siRNAs and 24 h later with the indicated plasmids. After 48 h, cells were harvested and lysates were subject to Ni-NTA agarose purification under denaturing conditions. His-tagged sumoylated proteins were eluted in buffer containing 100 mM imidazole and 2% SDS, mixed with an equal volume of 2× Laemmli sample buffer and subject to Western blot using Nop58 antibodies (F). A fraction of each cell lysate (3%) was run in parallel as input control. (G) Lysates were analyzed for SF2/ASF expression levels and β-actin as a control. Before addition of the recombinant GST fusion protein, the lysate was divided in two aliquots: one of them was mock-treated and the other was treated with DNase and RNase. (D) SF2/ASF interacts with PIAS1 in whole-cell lysates as assessed by coimmunoprecipitation. HEK 293T cells were transfected with HA-PIAS1 alone or with either wild-type T7-SF2/ASF or its ΔRRM2 mutant. Cells were lysed as described in Materials and Methods and lysates were immunoprecipitated with anti-T7 agarose beads or an anti-HA antibody together with protein A/G plus agarose beads. After washing, precipitated proteins were resuspended in Laemmli sample buffer and subject to Western blot, as indicated at the bottom of each panel. (E) GST-p53 (250 ng) was incubated with E1 (150 ng), E2 (30 ng), and SUMO3 (1 μg), either with or without GST-SF2/ASF (400 ng) and GST-PIAS1 (100 ng) in sumoylation assay buffer for 30 min. Reactions were stopped by addition of one volume of Laemmli sample buffer and analyzed by Western blotting with an anti-p53 antibody.
